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immunological genes as potent prognostic markers
in the cancer genome analysis project HOPE
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Abstract. Project High-tech Omics-based Patient Evaluation
(HOPE), which used whole-exome sequencing and gene expres-
sion profiling, was launched in 2014. A total of ~2,000 patients
were enrolled until March 2016, and the survival time was
observeduptoJuly 2019.In our previous study,a tumor microen-
vironment immune type classification based on the expression
levels of the programmed death-ligand 1 (PD-L1) and CD8B
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genes was performed based on four types: A, adaptive immune
resistance; B, intrinsic induction; C, immunological ignorance;
and D, tolerance. Type A (PD-L1" and CD8B™) exhibited
upregulated features of T helper 1 antitumor responses. In
the present study, survival time analysis at 5 years revealed
that patients in type A had a better prognosis than those in
other categories [5 year survival rate (%); A (80.5) vs. B (73.9),
C(73.4) and D (72.6),P=0.0005]. Based on the expression data
of 293 immune response-associated genes, 62 specific genes
were upregulated in the type A group. Among these genes,
18 specific genes, such as activated effector T-cell markers
(CD8/CD40LG/GZMB), effector memory T-cell markers
(PD-1/CD27/1COS), chemokine markers (CXCL9/CXCL10)
and activated dendritic cell markers (CD80/CD274/SLAMF]1),
were significantly associated with a good prognosis using
overall survival time analysis. Finally, multivariate Cox
proportional hazard regression analyses of overall survival
demonstrated that four genes (GZMB, HAVCR2, CXCL9 and
CD40LG) were independent prognostic markers, and GZMB,
CXCL9 and CD40LG may contribute to the survival benefit of
patients in the immune type A group.

Introduction
Since the development of immune checkpoint blockade

cancer therapy, many clinical trials of immune checkpoint
therapy combined with conventional targeted therapy against
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solid cancers have been performed, and this treatment has
achieved great success in the cancer treatment field as a
novel immunotherapy (1-3). With advances in clinical cancer
immunotherapeutic regimens, closely associated tumor-related
parameters have been intensively investigated. These
parameters are thought to be linked to the efficacy of immune
checkpoint blockade therapy and the prognosis of cancer
patients (4-7). However, in the tumor microenvironment, there
are many factors, such as genetic, immunological (cellular or
humoral), and metabolic factors, that have been demonstrated
to be involved in the immunosuppressive mechanism. For
example, as cellular factors, regulatory effector T cells,
myeloid-derived suppressor cells (MDSCs), tumor-associated
macrophages (TAMs) and cancer-associated fibroblasts (CAFs)
have been reported to exhibit protumor immunosuppressive
actions (8-10).

Moreover, immune-type classifications that can contribute
to the prediction of immune checkpoint blockade efficacy and
the prognosis of cancer patients have been performed by several
researchers using three main types of immunological features:
PD-L1 expression level, tumor-infiltrating lymphocyte (TIL)
status and tumor mutational burden (TMB) (11-16). PD-L1 is a
major immune checkpoint molecule that is expressed on tumor
cells or associated macrophages and is supposed to inhibit
activated T cell function via PD-1/PD-L1 binding (17,18).
Meanwhile, some researchers have demonstrated that the
simple combination of PD-L1* and TIL* (CD8*) may predict a
good response to immune checkpoint blockade (11,12). Others
have reported that TMB is a genuine biomarker for the predic-
tion of immune checkpoint blockade efficacy (14).

Previously, our group performed an immunological clas-
sification based on PD-L1 and CD8B gene expression levels
and demonstrated that the PD-L1+ and CD8B+ groups were
associated with the upregulation of cytotoxic T lymphocyte
(CTL) killing-associated genes, T cell activation genes,
antigen-presentation genes and dendritic cell (DC) maturation
genes, and promoted T helper 1 (Thl) antitumor responses (19).
However, there are few immune-type classification studies that
directly evaluated cancer patient prognosis.

In the present study, we verified that the PD-L1*CD8B*
group (type A) was associated with a better prognosis
[5-year overall survival time (OST)] than the other types. In
addition, we identified prognostic factors responsible for the
survival benefit of patients in type A based on 293 immune
response-associated gene expression datasets.

Materials and methods

Patient characteristics and study design. The Shizuoka Cancer
Center launched Project HOPE in 2014 using multiomics
analyses including whole exome sequencing (WES) and gene
expression profiling (GEP). Ethical approval for the HOPE
study was obtained from the Institutional Review Board of
Shizuoka Cancer Center (authorization no. 25-33). In total,
1,763 patients with tumors were enrolled until March 2016 and
the survival time was observed up to July 2019.

Clinical specimens. Tumor tissue samples weighing more than
0.1 g and with a tumor content greater than 50% were dissected
along with surrounding normal tissue samples by pathologists.

GEP and WES analysis. DNA and RNA isolation and
the GEP and WES analyses were performed as described
previously (20). RNA samples with an RNA integrity number
>6.0 were used for microarray analysis. Labeled samples
were hybridized to the SurePrint G3 Human Gene Expression
8x60 K v2 Microarray (Agilent Technologies). Microarray
analysis was performed in accordance with the MIAME
guidelines. For DNA data analysis, somatic mutations were
identified by comparing data from tumor and corresponding
blood samples. Mutations in 138 known driver genes were
defined as those identified as pathogenic in the ClinVar
database. Vogelstein et al (21) demonstrated that 138 genes,
when altered by intragenic mutations, can promote or drive
tumorigenesis. A most of tumors including colorectal cancers
contain two to eight of these ‘driver gene’ mutations and the
remaining mutations are passengers that do not contribute to
tumorigenesis directly. Thus, these 138 driver mutations are
accepted as relevant genes to the tumorigenesis (21). Single
nucleotide variants (SN'Vs) of the total exonic mutations for
each sequenced tumor included nonsynonymous, synonymous,
and indel/frameshift mutations.

Renewal of the immune response-associated gene panel.
The immune response-associated gene panel was described
previously (22). In the present study, the gene panel was renewed
by adding 119 immunological genes (293-gene panel) as shown
in Table I. The panel consisted of 114 antigen-presenting cell
(APC), T cell and natural killer cell receptor (NKR) genes;
48 cytokine signal and metabolic genes; 48 tumor necrosis factor
(TNF) and TNF receptor superfamily genes; 23 regulatory
T cell-associated genes; and 60 IFN-g pathway genes.

Statistical analysis. Based on the expression levels of the PD-L1
and CD8B genes, we classified all 1,763 tumors enrolled in the
HOPE project into 4 immune types: type A, PD-LI*CD8B*;
type B, PD-L1"CD8"; type C, PD-L1'CD8B"; and type D,
PD-L1'CD8B* as described previously. A comparative
analysis of the survival times between group A and the other
groups was performed using the Kaplan-Meier method and
Cox proportional hazards regression model. The upregulated
genes derived from the 293-immune response-associated
gene panel between tumor microenvironment (TME) immune
type A and other types were identified using the volcano plot
method with Benjamini-Hochberg correction. Upregulated
immune response-associated genes with >2-fold expression
differences (P<0.05) were identified. The heatmap expression
data of upregulated genes in the immune type A group were
investigated using GeneSpring GX software version 13.1.1
(Agilent Technologies). The association of upregulated gene
expression levels with the OST was examined using the
Kaplan-Meier method. A comparative analysis of the survival
times between patients with low expression (less than the
median) and patients with high expression (more than the
median) of the identified genes in group type A (referred as to
group A) was performed by the log-rank test using EZR software
and Microsoft Excel. Regarding probable prognosis-associated
genes identified in group A, the significance of these genes
was analyzed using a multivariate Cox proportional hazards
regression model with EZR software (23). Values of P<0.05
denoted statistically significant differences.
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Table II. Association of immunological and genetic features with overall survival.

Group Cohort (case no./5yrOS) P-value
Genetic mutations
Vogelstein MT (1084/77.3%) vs. WT (679/74.6%) 0.184
TP53 MT (729/74.5%) vs. WT (1034/77 .4%) 0.206
KRAS MT (299/77.7%) vs. WT (1464/75.9%) 0.431
EGFR MT (107/73.7%) vs. WT (1656/76.3%) 0.215
PIK3CA MT (169/80.5%) vs. WT (1594/75.9%) 0.625
BRAF MT (64/77.1%) vs. WT (1699/76.2%) 0912
TMB number >20 (83/81.7%) vs. <20 (1679/76.0%) 0512
Gene amplification®
All 64 genes® Yes (575/75.9%) vs. No (833/75.9%) 0.858
EGFR Yes (61/75.4%) vs. No (1347/75.9%) 0.746
HER2 Yes (33/71.3%) vs. No (1375/76.0%) 0.530

*Gene amplification, fold-change in expression =5 and copy number 6. *64 amplified gene list was reported previously (20). Comparison of
MST between cohorts was performed using the log-rank test. P<0.05 denote statistically significant differences. SyrOS, 5-year overall survival
rate; MT, mutated; WT, wild-type; TMB, tumor mutation burden number.

Results

Association of the overall survival time with immune types.
The 1,763 pairs of tumors and adjacent normal tissues derived
from different cancer types were classified into 4 immune
types based on the expression levels of the PD-L1 and CD8B
genes. The patient numbers with different cancer types were
described previously (17). The proportions of TME immune
types A, B, C and D were 39.3,26.5, 19.1 and 15.1%, respectively.
Survival time analysis at 5 years revealed that group A had a
better prognosis than the other groups [5 year survival rate (%);
A (80.5) vs. B (73.9), C (73.4) and D (72.6), P=0.0005] (Fig. 1).

Association of genetic mutations and immunological surface
markers with overall survival. The characteristics of genetic
mutations, including Vogelstein driver mutations and SNVs,
and gene amplification were described previously (19). The
association of the genetic mutation status of driver gene
mutations, such as TP53, KRAS, EGFR, PIK3CA and BRAF
mutations, or gene amplification with the OST was investigated
using the log-rank test. There was no significant association of
genetic parameters with the OST (Table II).

The identification of upregulated immune response-associated
genesinimmune type Acomparedwiththe other types.Based on
the expression profile of the 293-immune response-associated
gene panel, 62 upregulated immune response-associated genes
(more than 2-fold and P-value 1.0E-50) were identified using
volcano plots (Fig. 2).

Comparison of upregulated genes among immune types or
between the poor prognosis and good prognosis cohorts. The
heatmap expression data of 62 upregulated genes in group A
were compared with those of the other groups. Interestingly,
in group A, T cell effector activation genes (CXCL9, CXCLI10,
and TNFRSF9) and CTL killing genes (GZMB, CD16)

showed high expression, while immune checkpoint genes such
as CTLA4 and TIGIT also showed high expression levels. In
contrast, in group C, T cell effector activation genes (ICOS,
CD69, and CD40LG) and Thl cytokine genes (IFNG and
TNF) exhibited low expression (Fig. 3). Additionally, the
upregulated T cell activation genes identified in group A
showed a tendency of higher expression levels in the better
survival cohort than in the poorer survival cohort, as shown
in Fig. 4.

Association of the upregulated gene expression level with the
overall survival time. The association of 62 upregulated genes
in group A with the OST was analyzed by the log-rank test
using EZR software. Ultimately, 18 genes were found to be
significantly associated with prognosis (Table IIT). Memory T
cell markers such as PD-1,CD27 and ICOS, as well as activated
effector T cell genes (GZMB, CXCL10 and CD40LG) and
mature DC marker genes (CD80 and SLAMF1), were selected
as prognostic factors. Interestingly, immune checkpoint
marker genes, such as HAVCR?2 and TIGIT, were also verified
as prognostic markers; however, the HAVCR2 gene was
demonstrated to be a poor prognostic marker, although it was
upregulated in group A.

Identification of probable prognostic genes using multivariate
Cox hazards regression analysis. To evaluate the prognostic
value of the genes, 18 probable prognostic genes identified
using the Kaplan-Meier method from 62 upregulated
genes in group A were analyzed by the Cox proportional
hazards regression model. In particular, the multivariate
analysis demonstrated that four upregulated genes, namely,
GZMB, HAVCR2, CXCL9 and CD40LG, maintained their
significance (P<0.05), as shown in Table IV. The survival
curves of these four significant genes were drawn with the
Kaplan-Meier method, and the OST was compared between
the group that was higher-than-the median-level and the group
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Figure 1. Evaluation of the OS time in 1,763 patients with cancer registered in the HOPE project. Survival time analysis at 5 years revealed that group A
had a better prognosis than the other groups. A comparative analysis of the survival times between group A and the other groups was performed using the
Kaplan-Meier method and Cox proportional hazards regression model. The OS analysis indicated a significant survival benefit at 5 years for group A. "P<0.05
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Figure 2. Identification of upregulated immune response-associated genes in tumor microenvironment immune type A compared with other types. A total of
62 upregulated immune response-associated genes with >2-fold expression differences were identified using volcano plots with Benjamini-Hochberg correc-
tion. The upregulation of all listed genes denoted statistically significant differences (P<0.05). FC, fold-change.

that was lower-than-the median-level, as shown in Fig. 5. The
upregulation of GZMB, CXCL9 and CD40LG gene expression
might be linked to better prognosis in group A patients.

Discussion
With advances in genome analysis technologies such as NGS-

and single-cell RNA sequencing, probable immunological
factors belonging to the TME and associated with prognosis

have been more intensively, specifically and accurately
investigated (24-26). Beyond the already-known TME
factors that might be responsible for the efficacy of cancer
immunotherapy, such as positive PD-L1 expression, a high
mutational burden and an advanced TIL status, more specific
and dynamic biomarkers associated with the immune
response have been reported (27-29). Recently, Kumagai et al
demonstrated using cytometry by time of flight (CyTOF)
analysis based on single-cell RNA-seq that a balance between
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Figure 4. Comparison of the expression levels of 62 upregulated genes between alive and deceased patients with cancer. The two cohorts of patients were
divided into 4 immune groups, and classified into 13 histological types. The data are presented in matrix format, where each row represents an individual case,
and each column represents a gene. Each cell in the matrix represents the expression level of a gene in an individual case. The red and green colors reflect the
gene expression levels, as indicated in the color scale (log,-transformed scale) in the bottom right corner. B, breast; CR, colorectal; D, skin; E, esophageal;
G, stomach; Gy, uterine and ovarian; BP, bile duct and pancreatic; HN, head and neck; L, liver; N, brain; O, bone; T, lung; and U, kidney.

PD-1"CD8* T cells and PD-1"CD4*FoxP3* Treg cells is a
critical determinant of the response to anti-PD-1/PD-L1
blockade therapy (29).

Previously, we reported an efficient immunological classi-
fication based on PD-L1 and CD8B gene expression levels and
demonstrated that immune type A (PD-L1"CD8B*) was asso-
ciated with the Thl T cell and NK cell activation pathways,
dendritic cell maturation and cancer-apoptosis activation
signals and showed the highest score in immune-activation
signaling pathways by means of Ingenuity Pathways Analysis

(IPA) software (19). Similar studies have been conducted that
showed antitumor immunological features in PD-L1+CD8+
cohort (11,12).

However, there have been few studies that have
performed a long-term follow-up of overall survival in
cancer patients belonging to the immune type classifications
described above. Ock et al classified similarly solid tumors
into specific immune types based on PD-L1 and CD8 gene
expression data derived from The Cancer Genome Atlas
(TCGA) database and compared the survival time between
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Table III. Probable prognostic genes identified from 62 upregulated genes.

S5yrOS (%)* Positive. vs. Negative Log-rank P-value

Probe name Fold-change Gene symbol
A_23_P117602 4401 GZMB
A_24_P411561 2.005 HAVCR2
A_23_P371215 431 ICOS
A_23_P18452 5.751 CXCL9
A_23_P420196 2.024 SOCS1
A_23_P136405 2.388 PDCD1
A_24_P303091 4874 CXCL10
A_23_P98410 3.159 CD3G
A_23_P420863 2.004 NOD2
A_33_P3250680 2.608 CD40LG
A_33_P3375541 3.117 CD3D
A_23_P62647 2012 SLAMF1
A_24_P320033 2.167 CD80
A_23_P48088 2.628 CD27
A_23_P416747 2.052 CD3E
A_33_P3342056 4335 TIGIT
A_23_P338479 3.96 CD274
A_23_P41765 2.526 IRF1

80.7 vs. 71.7 1.44x10*
74.1 vs. 78.3 2.03x1073
80.5vs.71.9 2.14x1073
80.5vs.71.8 3.06x1073
79.6 vs. 72.8 3.44x1073
80.3vs.72.1 3.6x107

80.5vs.71.9 4.76x103
79.8 vs.72.7 1.47x10?
79.1 vs.73.3 1.82x107
78.6 vs. 74.0 2.52x1072
79.7 vs. 72.7 2.6x10?

79.7 vs. 72.6 2.6x107

792 vs.73.2 2.96x1072
799 vs. 72.7 3.31x107?
789 vs.73.6 3.64x107?
793 vs.73.2 4.16x107
78.6 vs.73.8 4.33x107?
792 vs.73.0 4.53x10°

*The SyrOS between positive (higher expression than the median level) and negative (lower expression than the median level) groups were
compared using the log-rank test using EZR software. Ultimately, 18 genes were found to be significantly associated with prognosis of patients
with cancer. Only the HAVCR?2 gene demonstrated a negative association with prognosis. SyrOS, 5-year overall survival.

Table IV. Cox proportional hazards regression analysis of
overall survival in upregulated genes.

Variable Hazard ratio (95% CI) P-value
GZMB 0.628 (0.496-0.795) 1.11x10*
HAVCR2 1.848 (1.479-2.309) 6.63x10°®
CXCL9 0.778 (0.613-0.988) 0.0393
CD40LG 0.792 (0.642-0.977) 0.0292

From probable prognosis-associated genes identified in group A,
the significance of those genes was analyzed using multivariate Cox
proportional hazards regression model in the EZR software. P<0.05
denoted statistically significant differences.

immune types; however, the temporary difference in 3-year
survival time in type A finally disappeared in the 5-year
comparison (12).

In the current study, we followed 1,763 patients with tumors
up to 70 months after registration in the project HOPE study.
Survival time analysis at 5 years revealed that group A had a
better prognosis than the other groups, as shown in Fig. 1. There
are some concerns regarding the temporary results of the present
survival analysis: i) Miscellaneous cancer patients across various
histology groups were included, and ii) there were various
clinical courses, including different types of therapies and
response statuses. However, despite different clinical courses in
individual patients, the immunological status at cancer diagnosis
can be determined temporarily in terms of the OST, and could

be a reference parameter for therapeutic design because some
immunological mechanisms are involved in tumor regression
after or even during chemo- and radiation therapy (30-33).

In the present study, the impressive findings were that
memory T cell markers (central ~ effector memory), such as
PD-1, CD27 and ICOS, were selected as prognostic factors.
In addition to effector-activated CTLs and NK cells, memory
marker* T cells should be considered crucial factors because
i) PD-1" T cells can achieve a good balance between good
and poor responses by immune checkpoint blockade (27), and
ii) effector memory T cells that proliferate by the stimulation
of antigen-presenting cells, can be differentiated into activated
effector CTLs (34). Another important observation was that
T cell exhaustion marker genes such as HAVCR22 (TIM3)
and TIGIT were included as prognostic markers. However,
HAVCR?2 was found to be a negative prognostic marker,
suggesting that it did not contribute to the good prognosis
of patients in immune group A. Very recently, Simon et al
demonstrated that a high frequency of the PD-1*"TIGIT*
(double-positive) CD8* T cell subset in peripheral blood can
be a good predictive marker for a good response to anti-PD-1
therapy (35). Therefore, these cells should be prolonged by
anti-PD-1/PD-L1 blockade to maintain the antitumor effect,
which could contribute to the good prognosis in cancer patients
belonging to immune type A.

Additionally, based on prognostic factor profiling in immune
group A, the upregulation of the CD80,CD274 and SLAMF1 (36)
genes might suggest the presence of mature dendritic cells in the
TME. Interestingly, Schetters et al demonstrated that anti-PD-1
immune checkpoint blockade induced mature monocyte-derived
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Figure 5. Survival curves of 4 significant prognostic genes identified using the Cox hazards regression model. Overall survival time between patients with
positive (higher expression than the median level of an individual gene) and negative expression (lower expression than the median level of an individual gene)
was compared by the log-rank test using EZR software. (A) GZMB, (B) HAVCR2, (C) CXCL9 and (D) CD40LG.

dendritic cells in the TME (37), which means that the presence
of mature dendritic cells in the tumor site could be a key factor
in the prediction of ICB efficacy.

Considering that immunological conditions are varied and
complicated in the TME, the status of patients with cancer is
volatile and undetermined before the start of treatment. Most
likely, immune type group A (PD-L1*CD8*) could be a good
candidate to elicit neoantigen-specific T cell reactions and
result in an improved prognosis in cancer patients. Efficient
combination therapy with chemo- and radiation therapy should
be explored for these types of cancer cohorts in the future.
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